I review progress in measurements of the dynamic spin susceptibility in the normal state which yield a new phase diagram and discuss microscopic calculations which yield qualitative, and in many cases, quantitative agreement with the measured changes in the quasiparticle, transport, magnetotransport, and optical properties of the cuprate superconductors as one varies doping and temperature provided one describes the systems as nearly anti-ferromagnetic Fermi liquids in which the effective magnetic interaction between planar quasiparticles mirrors the dynamic spin susceptibility measured in NMR and INS experiments. Together with the demonstration that the NAFL pairing potential leads inexorably to a d x 2 -y 2 ,pairing state, this work provides a "proof of concept" for the NAFL description of high T c materials.
INTRODUCTION
Understanding high temperature superconductors means, first of all, answering the following questions: What is the nature and physical origin of their anomalous normal state behavior?
How is the normal state best characterized? What is the mechanism for high T c ? What is the pairing state? Thanks to a large number of interrelated experimental and theoretical investigations carried out during the past three years, we have, as a community, made considerable progress toward obtaining the answers to these key questions and in what follows I present some highlights of that progress.
My answers may be simply stated. There is an intimate relationship between the anomalous evolution of planar quasiparticle spectra with temperature and doping and the anomalous spin and charge behavior measured in the normal state of optimally doped and underdoped systems: all these phenomena originate in a highly anisotropic magnetic interaction between the almost localized planar quasiparticles. The close approach to antiferromagnetism leads to three distinct kinds of normal state magnetic behavior: mean field, pseudo-scaling, and pseudogap; counterparts are found in the quasiparticle spectra, transport, magnetotransport, and optical behavior. The normal state may thus be characterized as a nearly antiferromagnetic Fermi liquid, with the dominant contribution to quasiparticle interaction coming from spin-fluctuation exchange, and so mirroring the momentum and frequency dependence of the dynamical spin susceptibility, χ (q,ω), measured in NMR and INS experiments. Because χ (q,ω) peaks sharply at wave vectors Q i , in the vicinity of Q ≡ (π,π), there are two distinct groups of quasiparticles: hot quasiparticles, located near the singular points on the Fermi surface which can be connected by Q i , interact strongly and display highly anomalous (non-Landau Fermi liquid) behavior; cold quasiparticles are sufficiently far away from singluar points that their behavior is closer to that of a strongly coupled Landau Fermi liquid. Recent microscopic calculations based on the NAFL description of the doping and temperature dependence of the transport, magnetotransport, and optical properties of both overdoped and underdoped systems yield good qualitative, and in many cases, quantitative agreement with experiment [1] , while pseudogap behavior, and more generally the magnetic crossovers found in even optimally doped systems, is associated with the hot quasiparticles [2] .
The highly anisotropic quasiparticle interaction found in NAFL's leads inexorably to a transition to a superconducting state with d x2-y2 pairing [3] , and I shall present arguments which suggest that the doping dependence of T c originates in a competition between the spinfluctuation-induced pairing potential and the quasiparticle pseudogap. The enhancement of T c on going from 1-2-3 systems to Tl-and Hg-based systems is explained, in the NAFL scenario, by differences in their spin fluctuation spectra [4] , while the markedly different influence of the planar impurities, Zn and Ni, on the quasiparticle pseudogap in underdoped systems, and on T c in optimally doped systems, can be quantitatively understood using the NAFL description [3] [5] , and provides strong support for the magnetic origin of high T c , and of pseudogap behavior in the normal state.
SPIN-FLUCTUATION EXCITATIONS AND TEMPERATURE CROSSOVERS:
A NEW PHASE DIAGRAM.
A quantitative fit to existing NMR and INS experiments on the 1-2-3 and 2-1-4 systems may be obtained with a phenomenological expression, χ NAFL (q,ω) for the dynamical spin susceptibility which takes into account the strong temperature dependent antiferromagnetic correlations between the itinerant Cu 2+ spins [6] . χ NAFL possesses in general four incommensurate peaks at wave vectors, Q i , in the vicinity of (π,π) and for (Q i -q) < 1/ξ takes the form [7] χ ω χ
elsewhere. χ (q,ω) takes a more Fermi liquid-like form,
where χ Q i ≡ αξ 2 is the static spin susceptibility, ξ the AF correlation length, ω SF << (Γ q ,Γ 0 ) describes NAFL relaxational behavior, χ 0 (T) is the uniform spin susceptibility, and Γ q ~ Γ 0 is the effective bandwidth or Fermi energy. The 63 Cu spin-lattice relaxation time and spin echo decay experiments discussed in Refs. (2) and [7] show that for magnetically overdoped systems one finds meanfield behavior, ω SF ~ ξ -2 ~ a + bT, in the normal state. For optimally doped and underdoped systems, such behavior is found only above a characteristic temperature, T cr , close to the temperature at which χ 0 (T) exhibits a maximum in the normal state of these systems. Barzykin and I [7] argued that the crossover in system behavior at T cr occurs when the AF correlations reach a critical strength, ξ cr ~ 2a; thus ξ(T cr ) ≅ 2a determines T cr , a criterion which was confirmed by the subsequent INS experiments on 2-1-4 discussed in Ref. (8) on YBa 2 Cu 4 O 8 reported in Ref. (9) . As T decreases below T cr , (dχ 0 /dT) > 0, and ω SF exhibits pseudoscaling behavior, ω SF = ĉ /ξ = a' + b'T, until a second crossover temperature, T * is reached. T * marks the onset of pseudogap behavior, characterized by ξ~constant, and a rapid increase in 63 T 1 T and ω SF for T c ≤ T ≤ T * [7] . The new phase diagram obtained from an analysis of NMR and INS experiments on the 1-2-3 and 2-1-4 systems is shown in Fig. 1 . Note that T cr increases rapidly as the doping level falls below that which is optimal for T c while T * increases more slowly. 4 , one has ξ(T c ) = 7.6a [8] . Equally striking is the increase in ξ(T c ) within a given system as one goes to sub-optimal doping levels; as might be anticipated from Fig. 1 , one finds ξ(T c ) = 5.5a for YBa 2 Cu 4 O 8 .
Note, too, that from a magnetic perspective, optimally doped systems are, in fact, underdoped; only when one goes to substantially higher doping concentrations (e.g., La 1.76 Sr 0.24 CuO 4 ) does one reach the magnetically overdoped regime, where χ NAFL displays mean-field behavior, (dχ 0 /dT) < 0 down to T c and ξ(T c ) ≤ 2.
For magnetically overdoped systems, and in the mean-field regime for magnetically underdoped systems, microscopic strong coupling Eliashberg calculations of the kind carried out for YBa 2 Cu 3 O 7 [3] , may be expected to provide a quantitative account of normal state properties. The non-linear feedback of changes in the quasiparticle spectrum on the effective quasiparticle interaction in the NAFL description,
which determines their behavior brings about both the comparatively slow increase, ξ(T) ( a+bT) -1/2 , found above T cr , and a moderate increase in χ 0 (T) as T decreases, while the recent work of Chubukov and Monthoux [11] shows that vertex corrections are comparatively modest, are maximal for the hot quasiparticles, and act to enhance the pairing potential for superconductivity. However, as discussed in Ref. (2), and as the criterion, ξ(T cr ) = 2 implies, for magnetically underdoped systems below T cr the spectra of the hot quasiparticles [which must be located near (0,±π) and (±π,0)] begins to be modified by the strong AF correlations in such a way that one finds pseudo-scaling behavior for ω SF between T cr and T * ; the pseudogap behavior below T * , represents the "end-point" of the impact of the strong AF correlations on quasiparticle properties. This gapping of the hot quasiparticles at T * is seen directly in the rapid increase in ω SF below T * , in the BSCCO ARPES experiments [12] , and in the specific heat and uniform susceptibility measurements [13] discussed at this conference.
The magnetic origin of the quasiparticle pseudogap has a number of observable consequences. First, only hot quasiparticles should become gapped. Second, both the gap magnitude and its onset temperature T * , should be unrelated to T c . Third, once in place, at temperatures slightly below T * , the hot quasiparticle gap may be expected to be independent of T, and should not be influenced by the superconducting transition.
Fourth, since the gapped hot quasiparticles do not participate in the superconducting transition, for magnetically underdoped systems, the superfluid density, ρ s , will be distinctly less than the number of quasiparticles (~1-x), one estimates from the area of the large Fermi surface expected above T cr (or T * ), and is plausibly ~x, the hole fraction.
HOT AND COLD QUASIPARTICLES: TRANSPORT, MAGNETOTRANSPORT, AND OPTICAL PROPERTIES
Microscopic calculations of the properties of hot and cold quasiparticles in a NAFL reveal dramatically different behavior, and show how these differences give rise to the measured anomalous dependence of transport, magnetotransport, and optical properties as one varies the hole concentration and temperature [1] . One finds quite generally that hot quasiparticle scattering rates are considerably larger than those for cold quasiparticles with
while the cold quasiparticle lifetime depends on its distance, ∆k, from the nearest hot spot;
The main contribution to the longitudinal conductivity, σ xx , comes from the cold regions of the FS; up to logarithmic corrections, one finds [1] 
where the crossover temperature, T 0 , is
and ∆k max ~ 1 for a large FS. For magnetically underdoped systems, Fermi surface evolution leads to ∆k max < 0. (4) and (5). On extending these results to finite frequencies, ω, the terms involving both ω and τ cancel; Eqns. (5) 
At typical frequencies and temperatures one then recovers the marginal Fermi liquid result,
One finds thereby agreement with optical experiments on materials as disparate as single layer Tl 2201 (T c = 23K) and YBa 2 Cu 3 O 7 [1] .
WHAT DETERMINES T c ?
As discussed in detail in Refs. (3), in a NAFL the peaking of the highly anisotropic quasiparticle interaction at wave vectors near (π,π) leads inexorably to a d x2-y2 pairing state, while strong coupling (quasiparticle lifetime) corrections do not prevent one from obtaining a T c ~ 90K with parameters appropriate to YBa 2 Cu 3 O 7 and a coupling strength which yields a ρ xx (T) comparable to that found experimentally. This "proof of concept" for the NAFL description led Monthoux and me to predict a d x2-y2 state for all cuprate superconductors, at a time when only NMR experiments supported this pairing assignment. As we heard at Grenoble, and in still greater detail here, our prediction has now been supported by essentially all experiments which are sensitive to the symmetry of the order parameter.
For the optimally doped and overdoped systems for which our Eliashberg calculations are applicable, we found that values of ω SF (T c ) some 50% larger [4] , and the variation of T c with Ni doping measured inYBa 2 Cu 3 O 7 [5] . On examining the sensitivity of our results to ξ(T c ), we found that for ξ < 1, T c plummetted to zero, so that, as might be expected of a mechanism which depends on a near approach to AF behavior, overdoping, which weakens the AF correlations, brings out the reduction in T c seen experimentally.
On the other hand, how can we account for the observed maximum in T c (x), since in the pseudoscaling regime, Eq. (11) leads one to expect monotonic behavior, with T c ~ ξ? The answer of course lies in the pseudogap, which by removing hot quasiparticles from the superconducting arena, weakens substantially the overall NAFL pairing potential. On this scenario, as one enters the magnetically underdoped regime, initially the increasing strength of the AF correlations wins out over the pseudogap, but below the optimal doping concentration, the pseudogap wins out, and T c falls off as x decreases. Obviously, further calculations are required to support this scenario, in which the dimensionless coupling constant, N(0)g, is assumed to vary weakly with hole concentration.
Support for the above scenario comes from experiments on the influence of the planar impurities, Ni, and Zn, on T c . For YBa 2 Cu 3 O 7 Monthoux and I argued that since Zn does not possess a spin which can align with neighboring Cu 2+ spins, it will change the magnetic pairing potential and so act as a "superunitary" scatterer, while Ni, which enters the plane in such a way as to look like a spin 1/2 to its neighboring Cu 2+ spins, will be a subunitary scatterer. In this way we could explain the fact that Zn is some three times more effective than Ni in suppressing T c for YBa 2 Cu 3 O 7 , and argued that this effect serves as a "smoking gun" for the magnetic mechanism [3] . But how then to explain the fact that both Ni and Zn exert a somewhat larger influence on T c in YBa 2 Cu 4 O 8 ? The answer lies in the fact that the pseudogap is well developed in this system so that the density of states at T c is significantly reduced; hence the increased effectiveness of both Ni and Zn impurities in reducing T c in underdoped systems. Because it changes the pairing potential as well, Zn continues to be a more effective pair-breaker than Ni.
SOME NEXT STEPS
Although we possess a good understanding of optimally doped and overdoped systems, much work remains to be done before we possess a comparable understanding of the normal state properties and superconducting transition temperature of the magnetically underdoped systems. Some next steps include the development of a microscopic description of hot spot, pseudoscaling, and pseudogap behavior, which makes evident the interplay between the influences of Fermi surface evolution and pseudogap formation on the measured quantities, ω SF and χ Q , and establishes a quantitative relationship between ρ s , χ 0 , and the doping level. Experiments on the same samples of BSCCO and other materials are needed to verify the correctness of the two-gap scenario proposed in Sec. 2 and to establish the connection between features measured in ARPES and INS experiments and crossovers measured in NMR experiments. With regard to microscopic theories, at present we know what doesn't work: neither one band Hubbard models with U or nearest neighbor exchange or the t-J model yield a quantitative account of the pseudoscaling and pseudogap behavior measured in underdoped materials, while the predictions of the non-linear sigma model plus holes are inconsistent with the doping dependence of pseudoscaling behavior. What might work is far less clear. A one or three band Hubbard model with a non-local restoring force which takes into account local SDW formation at ξ ≥ 2a is a promising candidate, but much work will be required before its viability can be assessed.
